Four minireviews deal with aspects of the ␣-ketoglutarate/ iron-dependent dioxygenases in this eighth Thematic Series on Metals in Biology. The minireviews cover a general introduction and synopsis of the current understanding of mechanisms of catalysis, the roles of these dioxygenases in post-translational protein modification and de-modification, the roles of the teneleven translocation (Tet) dioxygenases in the modification of methylated bases (5mC, T) in DNA relevant to epigenetic mechanisms, and the roles of the AlkB-related dioxygenases in the repair of damaged DNA and RNA. The use of ␣-ketoglutarate (alternatively termed 2-oxoglutarate) as a co-substrate in so many oxidation reactions throughout much of nature is notable and has surprisingly emerged from biochemical and genomic analysis. About 60 of these enzymes are now recognized in humans, and a number have been identified as having critical functions.
Four minireviews deal with aspects of the ␣-ketoglutarate/ iron-dependent dioxygenases in this eighth Thematic Series on Metals in Biology. The minireviews cover a general introduction and synopsis of the current understanding of mechanisms of catalysis, the roles of these dioxygenases in post-translational protein modification and de-modification, the roles of the teneleven translocation (Tet) dioxygenases in the modification of methylated bases (5mC, T) in DNA relevant to epigenetic mechanisms, and the roles of the AlkB-related dioxygenases in the repair of damaged DNA and RNA. The use of ␣-ketoglutarate (alternatively termed 2-oxoglutarate) as a co-substrate in so many oxidation reactions throughout much of nature is notable and has surprisingly emerged from biochemical and genomic analysis. About 60 of these enzymes are now recognized in humans, and a number have been identified as having critical functions.
This eighth in the Metals in Biology Thematic Series (1-7) deals with a single metal, iron, and a specific class of oxygenases that use it, the ␣-ketoglutarate/iron-dependent dioxygenases. The general reaction stoichiometry by these enzymes is shown in Fig. 1 and is somewhat unusual. These enzymes use a co-substrate, ␣-ketoglutarate (alternatively termed 2-oxoglutarate), to bind to ferrous iron to activate molecular oxygen. These enzymes are found throughout much of life, in bacteria, and even in a plant virus (8) (but not likely in Archaea). About 60 such oxygenases have been identified in humans (9) . The longest-known representatives of the ␣ketoglutarate-dependent oxygenase family are the prolyl and lysyl hydroxylases, which catalyze post-translational hydroxylation of collagen.
The reactions all use ␣-ketoglutarate and molecular oxygen (O 2 ) as co-substrates and ferrous iron as a prosthetic group, although a few related iron-dependent oxygenases that do not use ␣-ketoglutarate are known. The enzymes are normally dioxygenases in that both atoms of molecular oxygen are stoichiometrically incorporated into products. This process may seem cryptic at first, in that one of the two oxygen atoms appears in the product that is usually measured and is of interest; the other oxygen atom is incorporated into another of the products, succinate ( Fig. 1 ). It should also be emphasized that some of the initial products are unstable (e.g. carbinolamines, which are intermediates in the removal of lysine methyl groups and several types of nucleic acid modifications), and the reader should follow the reactions carefully to understand the exact processes. Some of the reactions catalyzed by ␣-ketoglutarate/ iron-dependent dioxygenases are analogous to those of peroxidases and cytochrome P450 enzymes, the latter of which are monooxygenases (10) .
The first minireview in the Thematic Series is by Martinez and Hausinger (11) and introduces the reactions catalyzed by the ␣-ketoglutarate/iron-dependent dioxygenases. These include hydroxylation, halogenation, ring formation, desaturation, and epimerization. These dioxygenases use ferrous iron in an octahedral geometry, usually with three ligands from the protein, usually two histidines and a carboxylate. ␣-Ketoglutarate donates two more ligands, and the sixth is used for O 2 binding. CO 2 and succinate are formed, and the iron, now with one oxygen bound, is in the ferryl form (Fe IV ϭO) for catalysis. From this point onward, the mechanism of substrate oxidation is related to that accepted for many hemeproteins now, generally involving hydrogen atom abstraction from the substrate followed by "oxygen rebound." Very high kinetic deuterium isotope effects have been reported, possibly suggestive of quantum mechanical tunneling. In practice, in many experiments with these dioxygenases, excess ferrous iron and ascorbate are utilized, with the purpose of maintaining the ferrous ion in the active site (there is a potential problem with Fenton chemistry in this process, however, as my own laboratory has pointed out (12)). Martinez and Hausinger (11) also describe evidence for current views about intermediates in the dioxygenase reactions.
The second minireview in the Thematic Series is by Markolovic, Wilkins, and Schofield (13) and deals with posttranslational protein hydroxylations catalyzed by these dioxygenases. Hydroxylations of lysine and proline residues are best known, but more recently, hydroxylations of aspartate, asparagine, and histidine have been described. Hydroxylation of collagen proline and lysine residues has structural roles, including collagen triple helix stabilization and an unusual reaction of a hydroxyl group with methionine (by a peroxidase) to form a stable sulfilimine bond (14) . Furthermore, protein hydroxylation is critically involved in a regulatory role in hypoxia using hypoxia-inducible factor ␣ (HIF␣). Another regulatory aspect of these dioxygenases is in the N-demethylation of methylated lysine and possibly arginine residues (other lysine demethylases are flavoproteins, however). These demethylations can have important roles in epigenetic regulatory processes. X-ray crystal structures of several protein dioxygenases are now available.
The third minireview, by Hashimoto, Zhang, Vertino, and Cheng (15), also deals with the regulatory properties of these dioxygenases but involving DNA and epigenetic control. Roles for cytosine 5-methylation are well known; the modification and removal of the methyl group are the issue here. The teneleven translocation (Tet) 2 dioxygenases and some glycosylases are involved in these processes. Tet enzymes work on thymine as well as 5-methylcytosine. A Tet homologue in flies also removes a methyl group from N 6 -methyladenine. Two Tet crystal structures are now available, one a human enzyme. A Tet1/Tet2 double-knock-out is lethal in mice, and Tet3 is essential in epigenetic reprogramming in oocytes, indicating the importance of these enzymes.
The fourth minireview, by Fedeles, Singh, Delaney, Li, and Essigmann (16) , also deals with removal of extra atoms from DNA but from the viewpoint of DNA repair: i.e. the extra atoms derived from endogenous processes and exogenous chemicals, which can cause miscoding and mutation. The prototypical enzyme is the bacterial dioxygenase AlkB. AlkB not only removes methyl groups (from nitrogen atoms of the bases) but also more complex lesions such as the so-called etheno entities. These actions have been shown to prevent mutation in vivo (in bacteria) (17) . Interestingly, AlkB homologues do not appear to be present in Saccharomyces cerevisiae or Archaea. Humans have at least nine orthologues, but only two are known to repair DNA. The bacterial and human AlkB enzymes repair RNA as well as DNA, and their (eukaryotic) localization in both nuclei and cytosol may be consistent with in vivo roles for both nucleic acids as substrates.
In summary, this class of oxygenases has a wide variety of substrates and catalytic activities. The processes with the proteins and nucleic acids appear to have particularly important physiological relevance. Structural and spectroscopic studies have been important in advancing this field, as well as the involved biology.
We hope that you will enjoy reading about this interesting group of enzymes. Another Thematic Series in Metals in Biology has recently appeared (7) , and you are directed to that. Planning is now in progress for the next (ninth) Metals in Biology Thematic Series.
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